Sterol-regulated degradation of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) is a rapid feedback regulatory mechanism by which cells employ to control the cholesterol biosynthesis. This process is initiated by the sterol-induced interaction between HMGCR and Insig-1/ gp78, a membrane-bound ubiquitin ligase complex. There are two Lys residues (Lys89 and Lys248) facing cytosol in the membrane domain of HMGCR, and Lys248 is the major ubiquitination site. In this study, we investigated the mechanism of ubiquitination site selection in HMGCR. We find that the distance of Lys248 to membrane is dispensable for its ubiquitination. However, the conserved tetra-glutamic acid residues adjacent to Lys248 in HMGCR are essential. Replacement of these negatively charged residues with tetraarginine causes the resistance of HMGCR to sterol-induced ubiquitination and degradation, albeit this mutant HMGCR can still binds to Insig-1. We further find that the tetra-glutamic acid residues are necessary but not sufficient for the modification on their adjacent Lys, since they are not functional on Lys89 of HMGCR or in SCAP. UBE2G2, a previously known E2 of gp78, is demonstrated to be involved in the sterol-regulated ubiquitination and degradation of HMGCR. In summary, these results identify the tetraglutamic acid residues as a critical motif in HMGCR for the ubiquitination reaction mediated by gp78 and UBE2G2.
Introduction
The enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase (HMGCR) catalyzes the reduction in HMG-CoA to mevalonate, a rate-limiting step in the synthesis of cholesterol and non-sterol isoprenoids [1] . HMGCR is an integrated endoplasmic reticulum (ER) membrane protein with eight transmembrane helices at NH 2 -terminal portion [2] . The membrane domain of HMGCR is dispensable for the enzymatic activity, but plays a critical role in the sterol-regulated degradation of HMGCR [3] . When the concentration of cellular sterol is high, the membrane domain of HMGCR can sense the excessive sterols and the whole protein is rapidly degraded, therefore the cholesterol biosynthesis is shut down [3] . This sterolregulated degradation of HMGCR is a very important negatively feedback regulatory mechanism that cells use to control their cholesterol level.
The degradation of HMGCR is through the ubiquitinproteasome pathway and is synergistically regulated by sterol and non-sterol isoprenoid [1, 4, 5] . Two types of sterols are known to stimulate the ubiquitination and degradation of HMGCR: the oxysterol 25-hydroxycholesterol (25-HC) and the cholesterol precursor lanosterol [6, 7] . Sterol promotes the degradation of HMGCR by triggering the binding of the HMGCR membrane domain to Insig-1 or -2, which constitutively interacts with gp78, a membrane-bound ubiquitin ligase (E3) [5, 8] . Gp78 then catalyzes the ubiquitination of HMGCR at two specific lysine residues: Lys89 and Lys248, among which Lys248 is the major ubiquitination site [5] . The ubiquitinated HMGCR is finally degraded by proteasome. Through direct interaction with gp78, other proteins including VCP and Ufd1 are also involved in the sterol-regulated degradation of HMGCR [9] .
In this study, we investigated the mechanism of ubiquitination site selection in HMGCR, and found that the tetra-glutamic acid residues immediately adjacent to Lys248 were necessary but not sufficient for the ubiquitination on their adjacent Lys residue.
Materials and Methods
Materials MG-132 and digitonin were obtained from Calbiochem (San Diego, USA); sterols were from Steraloids, Inc. (Newport, USA); the solution of sodium mevalonate was described as in Kita et al. [10] ; horseradish peroxidaseconjugated donkey anti-mouse and anti-rabbit immunoglobulin G (IgG) was from Jackson ImmunoResearch Laboratories (West Grove, USA); ubiquitins were from Boston Biochem (Cambridge, USA); lipoprotein-deficient serum (LPDS, d . 1.215 g/ml) was prepared from newborn calf serum by ultracentrifugation [11] ; other regents were described previously [9] .
The following plasmids were described previously as indicated in the sources: pCMV-gp78-Myc [8] ; pCMV-HMGRed-T7 and pCMV-Insig-1-Myc [12] ; pEF1a-HA-ubiquitin [5] ; pCMV-UBE2G2, encoding human UBE2G2; pCMV-UBE2G2 (C89S), encoding dominant-negative form of human UBE2G2, in which C89 was mutated to serine; pCMV-HMG-Red-T7 (KEEEEN), pCMV-HMG-Red-T7 (EKEEEN), pCMV-HMG-Red-T7 (EEKEEN), pCMV-HMGRed-T7 (EEEKEN), pCMV-HMG-Red-T7 (EEEEKN), pCMV-HMG-Red-T7 (E243EEE to DDDD), pCMV-HMGRed-T7 (E243EEE to RRRR), pCMV-HMG-Red-T7 (E243R), pCMV-HMG-Red-T7 (E244R), pCMV-HMGRed-T7 (E245R), pCMV-HMG-Red-T7 (E246R), and HMG-1/2 were constructed based on pCMV-HMG-Red-T7 using a site-directed mutagenesis kit (Stratagene, La Jolla, USA); SCAP-1/2/3/4 were generated by the standard PCR methods based on the plasmid pCMV-SCAP, which encoded hamster SCAP [13] .
Primary antibodies used in this paper for immunoblotting were as follows: mouse monoclonal anti-T7 (Novagen, Madison, USA); mouse monoclonal anti-Myc IgG-9E10 (Roche, Indianapolis, USA); mouse monoclonal anti-HA (Sigma, Milwaukee, USA); mouse monoclonal antiubiquitin IgG-P4D1 (Santa Cruz, Santa Cruz, USA); mouse monoclonal antibody against the catalytic domain of hamster HMGCR (amino acid 450-887) IgG-A9 [14] ; polyclonal antibody against human HMGCR cytosolic domain was generated by immunizing rabbits followed by affinity purification with antigens [9] . IgG-9D5, mouse monoclonal antibody against hamster SCAP, was prepared from cell line CRL-2347 from ATCC (Manassas, USA) according to a previous reference [13] .
Cell culture
Chinese hamster ovary-K1 (CHO-K1) cells were maintained in a monolayer culture at 378C in a 5% CO 2 incubator. These cells were maintained in medium A [1:1 mixture of Ham's F-12 medium and Dulbecco's modified Eagle's medium (DMEM) containing 100 units/ml penicillin and 100 mg/ml streptomycin sulfate] supplemented with 5% (v/v) fetal calf serum (FCS). SRD-13A cells were SCAP null mutant cells derived from CHO cells [15] , which were maintained in medium B [medium A supplemented with 5% (v/v) FCS, 5 mg/ml cholesterol, 1 mM sodium mevalonate, and 20 mM sodium oleate] at 378C in 5% CO 2 . SV589 cells were immortalized human fibroblasts by expressing the SV-40 large T-antigen and maintained in monolayer in DMEM containing 100 units/ml penicillin and 100 mg/ml streptomycin sulfate supplemented with 10% (v/v) FCS at 378C in 5% CO 2 .
Transient transfection
Cells were transiently transfected with FuGENE 6 (Roche Applied Science, Indianapolis, USA). For each transfection, the FuGENE 6 DNA transfection reagent was added to 0.2 ml medium A at a ratio of 3 ml of FuGENE 6 per 1 mg of DNA, and the total amount of DNA was adjusted to 3 mg/60-mm dish with pcDNA3 (Invitrogen, Carlsbad, USA). After treatment, triplicate dishes of cells for each condition were harvested and pooled for analysis.
Immunoprecipitation
The harvested cells were lysed in a detergent-containing buffer, and immunoprecipitations were carried out with monoclonal anti-T7 IgG-coupled agarose (Novagen) against transfected HMGCR or polyclonal antibody against human endogenous HMGCR as described previously [9] .
Ubiquitination of HMGCR
The harvested cells were lysed in a detergent-containing buffer, and immunoprecipitations were carried out with either polyclonal antibody against the human endogenous HMGCR or monoclonal anti-T7 IgG-coupled agarose (Novagen) against transfected HMGCR as described previously [9] . Aliquots of the immunoprecipitates were subject to 6% SDS-PAGE, transferred to nylon membranes, and then subject to immunoblot analysis.
RNA interference
Duplexes of small interfering RNA (siRNA) targeting UBE2G2 were synthesized by Genepharma (Shanghai, China). The sequences of siRNA oligos are as follows:
0 (antisense). RNA interference experiments were carried out as described previously [9] .
Results
The distance of Lys248 from membrane was not important for the sterol-regulated ubiquitination of HMGCR Our previous study showed that mutation of Lys248 caused the resistance to sterol-induced ubiquitination and A key motif for the ubiquitination of HMGCR degradation of HMGCR [5] , which demonstrated that Lys248 was the major ubiquitination site of HMGCR. Figure 1 (A) shows the topology of hamster HMGCR. The residues adjacent to Lys248 were compared and they were highly conserved among different species [ Fig. 1 
(B)].
Previous study on yeast HMGCR isozyme Hmg2p showed that the distance of ubiquitination site Lys6 from the ER membrane was critical for its ubiquitination and degradation [16] . We then designed experiments to test whether the distance of Lys248 from the ER membrane was required for the sterol-regulated degradation of HMGCR. CHO-K1 cells were transfected with plasmids encoding different versions of HMGCR and Insig-1. After transfection, the cells were depleted from cholesterol and treated for additional 5 h with 25-HC plus 10 mM mevalonate, which allowed for the production of non-sterol isoprenoids that enhanced HMGCR degradation. As expected, wild-type HMGCR was rapidly degraded in the presence of sterol and mevalonate Fig. S1 ). These data showed that the distance of the ubiquitination site of HMGCR from the membrane was irrelevant to the sterol-regulated degradation.
Acidic residues adjacent to Lys248 are critical for the degradation of HMGCR From the sequence alignment results, we noticed that the tetra-glutamic acid residues adjacent to Lys248 were highly Figure 1 Topology and amino acid sequences of the membrane domain of hamster HMGCR (A) Topology of HMGCR membrane domain. The sterol-sensing domain is shown in yellow. The tetra-glutamic acid residues followed by amino acid residues asparagine and lysine are highlighted. Lys89 and Lys248 residues that are ubiquitination sites are denoted by arrows. (B) Comparison of amino acid sequences in hamster, human, chicken, Xenopus, zebrafish-1&2, sea urchin and drosophila HMGCR surrounding Lys-248. NCBI or Swiss-prot accession numbers are P00347, NP000850, NP_989816, P20715, NP_001119931, NP_001014314, NP_999724, and P14773, respectively. Conserved residues are highlighted in black. conserved [ Fig. 1(B) ]. To test whether these residues are essential for the function of Lys248, we substituted them by acidic, basic, or neutral residues, and tested their effects on sterol-regulated degradation. The mutant of HMGCR with EEEE to DDDD was subjected to the sterol-regulated degradation as wild-type HMGCR did [ Fig. 2(B) , lanes 1-8]. However, substitution of all four glutamic acid residues of tetra-arginine completely prevented the protein from sterol-induced degradation [ Fig. 2(B) , compare lanes 13-16 with lanes 9-12]. Nevertheless, replacement of any single E with R had no significant effect on the sterolstimulated degradation of HMGCR [ Fig. 2(C) , lanes [5] [6] [7] [8] [9] [10] [11] [12] . When the four glutamates were changed into four alanines, the mutant HMGCR did not undergo sterolregulated degradation [ Supplementary Fig. S2(A) ], although its level was decreased when the Insig-1 was increased [ Supplementary Fig. S2(A), lanes 7-12] . It is possible that the increased Insig-1 affects the expression of mutated HMGCR. Ubiquitination analysis showed that the ubiquitination of mutant HMGCR (tetra-E to tetra-A) was not affected by sterol or Insig-1 [ Supplementary  Fig. S2(B) , lanes [5] [6] [7] [8] , suggesting that the substitution of tetra-A for tetra-E ablates the sterol-regulated ubiquitination and degradation of HMGCR. Together, the above data showed that the negative charges adjacent to Lys248 were required for the sterol-regulated ubiquitination and degradation of HMGCR.
Mutation of the tetra-glutamic acids impairs the ubiquitination of HMGCR but not its interaction with Insig-1/gp78 We next tested whether the substitution of tetra-glutamic acid of four arginines impaired the ubiquitination and interaction with Insig-1. After transfection and sterol-depletion, cells were treated without or with 25-HC in the presence of 20 mM MG-132 (a proteasome inhibitor to block protein degradation) for 1 h. HMGCR was then immunoprecipitated and its ubiquitination was analyzed. In the presence of Insig-1, 25-HC promoted the ubiquitination of wild-type HMGCR [ Fig. 3(A), lanes 1-4] . However, 25-HC failed to induce the ubiquitination of mutant HMGCR in which EEEE was changed to RRRR in the presence of Insig-1 and 25-HC [ Fig. 3(A), lane 8] . Together, the above results showed that the EEEE motif was required for sterolstimulated ubiquitination and subsequent degradation of HMGCR [ Fig. 2(B), lanes 13 -16] . It has been known that the sterol-induced binding of HMGCR to Insig-1/gp78 was prerequisite for the ubiquitination and degradation of HMGCR, and Insig-1 or -2 constitutively interacts with gp78 [8] . We then tested whether the mutation of EEEE to RRRR reduced the affinity of HMGCR to Insig-1 in the absence and the presence of sterol. After transfection and sterol-depletion, cells were treated with 25-HC in the presence of MG-132 for 20 min. The cell lysate was prepared and subjected to immunoprecipitation with anti-T7-coupled agarose to pull down HMGCR-T7. As shown in Fig. 3(B) , Insig-1 was co-precipitated in the pellet fraction, no matter wild-type or mutant HMGCR [ Fig. 3(B) ]. These results suggested that the replacement of EEEE to RRRR did not affect the sterol-stimulated binding of HMGCR to Insig-1/gp78 complex, but impaired the ubiquitination reaction on Lys248.
The tetra-glutamic acid motif was necessary but not sufficient for sterol-regulated degradation of HMGCR Previous study has shown that in HMGCR, Lys89 was a minor ubiquitination site [5] . We wondered whether the EEEE motif flanking Lys248 was sufficient to increase the ubiquitination efficiency of a Lys residue. To test this possibility, we inserted the tetra-glutamic acid motif into the site between Ser88 and Lys89 of HMGCR, meanwhile the Lys248 was mutated to Arg so that the ubiquitination could not happen on Lys248 [ Fig. 4(A) ]. We then transiently transfected the plasmids encoding the mutated and wild-type HMGCR together with Insig-1 into CHO-K1 cells. After transfection, the cells were depleted of sterol and treated with 25-HC plus high level of mevalonate (10 mM). The HMGCR with Lys248 to Arg mutation was resistant to sterol-induced degradation [ Fig. 4(B) , compare 1 mg of different HMGCR expression plasmids, 0.1 mg pEF1a-HA-ubiquitin in the absence or the presence of 30 ng pCMV-Insig-1-Myc in 2 ml of medium A containing 5% LPDS as indicated. The cells were transfected and depleted of cholesterol as described in Fig. 2(A) . Six hours after transfection, cells received a direct addition of 2 ml of medium A containing 5% LPDS, 10 mM compactin, and 50 mM mevalonate (final concentrations). After 16 h at 378C, cells were switched to medium A containing 5% LPDS and 10 mM compactin in the absence (2) . Insertion of the tetra-E motif did not render Lys89 to be a dominant ubiquitination site since the mutation with tetra-E insertion could not undergo sterolregulated degradation or ubiquitination [ Fig. 4(B) , compare lane 12 with lane 11, Supplementary Fig. S3 ]. SCAP is another Insig-binding protein [17, 18] . However, unlike HMGCR that is rapidly degraded mediated by Insigs, SCAP is very stable even after it binding to Insigs. The mechanism for the different behaviors of HMGCR and SCAP is unclear. It is possible that SCAP lacks the ubiquitination site(s); therefore, it cannot be modified by gp78. We then introduced the EEEENK motif before the first, third, fifth, or seventh transmembrane helix of SCAP to see whether we could created a ubiquitination site, which would render SCAP undergo the sterol-regulated degradation. Figure 4(C) shows different forms of SCAP in which the framed amino acids were replaced by EEEENK motif, respectively. The SCAP-deficient SRD-13A cells were transfected with different combinations of plasmids. The wild-type HMGCR comprising EEEENK motif was degraded when exposed to 25-HC. However, the different mutants of SCAP with EEEENK motif could not be degraded even in the presence of 25-HC and mevalonate [ Fig. 4(D), compare lanes 5-12 with lanes 1-4] .
Together, these results indicated that the tetra-glutamic acid residues are necessary but not sufficient for the ubiquitination on the adjacent Lys residue.
UBE2G2 was required for the ubiquitination and degradation of HMGCR Previous studies have shown that an E2 named UBE2G2 (Ubc7) binds gp78 and is involved in the ubiquitination and degradation of some proteins such as CD3-d [19] . However, whether UBE2G2 is required for the ubiquitination of endogenous HMGCR has not been documented. In order to test the role of UBE2G2 in the sterol-regulated ubiquitination of HMGCR, we transfected SV589 cells with siRNA to reduce the expression of UBE2G2 and measured the ubiquitination of endogenous HMGCR. In cells receiving control siRNA, 25-HC strongly induced the ubiquitination of HMGCR [ Fig. 5(A), lane 2] . When siRNA targeting UBE2G2 was introduced into cells, the 25-HC-regulated ubiquitination of HMGCR was dramatically decreased [ Fig. 4(A) , compare lane 4 with lane 2]. In the same experiment, we used quantitative real-time PCR to show that the UBE2G2 mRNA was reduced to less than 10% by RNAi [ Fig. 5(B) ].
We next performed a transfection experiment to determine the effect of UBE2G2 on the sterol-regulated degradation of HMGCR. Wild-type UBE2G2 accelerated the degradation of HMGCR in a concentration-dependent manner [ Fig. 5(C), lanes 3-6] , whereas the dominantnegative UBE2G2 in which the catalytic Cys89 was changed to Ser blocked the degradation of HMGCR [ Fig. 5(C), lane 8] . Together, these results showed that the UBE2G2 is required for the sterol-induced degradation of HMGCR.
Discussion
This study explores the mechanism of ubiquitination site selection in HMGCR. We find that the tetra-glutamic acids adjacent to Lys248 are necessary but not sufficient for the ubiquitination on Lys248 in HMGCR. When these tetraglutamic acids are substituted for four aspartic acids, or mutation of any single E to R [ Fig. 2(C) ], HMGCR can still undergo sterol-regulated degradation. However, when the tetra-E is replaced by tetra-R, the sterol-promoted degradation of HMGCR was completely blocked [ Fig. 2(B) ]. These results suggest that the negatively charged environment formed by multiple acidic residues is essential for the ubiquitination on Lys248. The wild-type and mutant HMGCR with tetra-E to tetra-R can both bind Insig-1 (Fig. 3) , suggesting the tetra-E motif does not impair the interaction between HMGCR and Insig-1/gp78. Interestingly, it has been found that the positive charge of Lys91 in yeast E2 Ubc4 is important for the ubiquitination reaction [20] . It is possible that the carboxyl groups of tetra-E in HMGCR interact with the positively charged group in UBE2G2 through ionic interactions, which facilitates the ubiquitination on Lys248.
It was found that the lysine was a preference ubiquitination site in KEEE motif [21] . Furthermore, Catic et al. [20] found that Asp and/or Glu had a dominant enrichment at position '-2'and '-1' (Lys attaching ubiquitin chains as position '0') in transmembrane proteins and membrane-associated proteins compared with either non-membrane-associated proteins or proteome of yeast. Our data shown in this paper are in accordance with these published observations. Nevertheless, if the tetra-negatively charged residues are inserted into the position adjacent to another ubiquitination site Lys89 of HMGCR [ Fig. 4(A) ], or six amino acids near transmembrane helix-1/3/5/7 of SCAP are replaced by 'EEEENK' motif, respectively [ Fig. 4(C) ], we do not find the modified proteins are subjected to sterol-induced degradation [ Fig. 4(B,D) ]. These findings suggest that other motifs may be important for the ubiquitination site selection, which need further investigation. The total DNA in each lane was adjusted to 3 mg/dish by the addition of pcDNA3 mock vector. Six hours after transfection, cells received a direct addition of 2 ml of medium A containing 5% LPDS, 10 mM compactin, and 50 mM mevalonate (final concentrations). After 16 h at 378C, cells were switched to medium A containing 5% LPDS and 10 mM compactin in the absence (2) or the presence (þ) of 1 mg/ml 25-HC plus 10 mM mevalonate as indicated. After incubation for 5 h, cells were harvested, membrane fractions were prepared, and aliquots (10 mg) were subjected to SDS-PAGE. Immunoblot analysis was carried out with 1 mg/ml monoclonal anti-T7 IgG (against HMGCR).
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